Abstract-This paper reports on a new PC mouse device by the use of the micromachined thermal flow sensors. The proposed mouse contains two small flow sensors mounted in two 10-mm-diameter and 3-mm-depth spaces in order to measure its velocity and direction. When the mouse is moved in a direction, air flow is generated because the air tends to stay where it is. Our sensors can detect the wide range flow speed which enables the mouse speed ranging from hundreds to one mm/s. A ball-type mouse is as big as one's palm because the mouse needs sufficient weight of a rubber ball to provide friction force. An optical mouse is smaller but it needs a patterned indented surface and sufficient light reflection from the surface of the desktop. The present flow mouse is as small as an optical one and it can work even on a smooth transparent glass. The results indicate that displacement can be measured with in an error ratio +/-2% at 10, 50, 100 and 150 mm/s. This error ratio is good enough for this application.
INTRODUCTION
Measuring flow rates or flow velocities is a process that is required everywhere. In addition to semiconductor processing, where flow control plays an important role, globally growing environmental consciousness has brought about an active movement toward cleaner combustion systems for engines and boilers where flow sensors are indispensable in helping optimize the fuel-air ratio to minimize CO 2 and NO x emissions.
Depending on the application, purpose, and cost reason, there is a variety of methods of detecting flow rates and flow velocities [1] . Typically, they are the turbine type, fluidic type, Karman vortex type, ultrasonic type, pressure differential type, hot wire type, etc. In chemical reaction monitoring applications, it is the mass flow rate that matters, not the volume flow rate. Platinum hot wire sensors are generally used in directly detecting mass flow rates and are used in semiconductor processing as well.
A semiconductor flow sensor based on MEMS technology is an example of miniaturized hot wire flow sensors [2] [3] [4] [5] . It is referred to as a silicon thermal flow sensor in this paper. Like conventional platinum-wired hot wire flow sensors, it has no moving components and is hence highly reliable. Compared to hot wire sensors, it also presents additional advantages, such as low thermal capacity, high sensitivity, and small power consumption, thanks to its miniature size, as well as its good suitability for quantity production in the semiconductor manufacturing process.
II. OPERATING PRINCIPLE OF THERMAL FLOW SENSORS
The operating principle is shown in Fig. 1 . Via a feedback control system, the heater provided in the center of the sensor is maintained at a higher temperature than the fluid by a certain amount.
If the flow velocity V f is zero, the fluid temperatures at an equal distance around the heater are the same, resulting in the same output voltage from the thermopiles which are located symmetrically around the heater. If the flow velocity V f is not zero, the fluid temperature downstream of the heater becomes higher than the upstream temperature; this temperature difference causes an output voltage differential.
The structure of a flow sensor is shown in Fig. 2 and the specification is shown Table 1 [6] . A polysilicon heater is provided in the middle part of the chip and is feedback controlled to a temperature higher than the ambient temperature by 40 degrees. For measuring the ambient temperature, a substrate thermo resistance is installed using the same process and line width as that of the heater, has an extra line length, and is provided with the bridge circuit for improved temperature characteristics. Provided in the upstream and downstream of the heater are 27 pairs of thermopiles connected in a series. Polysilicon and aluminum elements are used for the thermopiles. The hot junction is provided on the heater side and the cold junction is on the substrate. Semiconductor has the Seebeck coefficient of more than 100 times greater than metal, and provide excellent characteristics for measurement, allowing the sensor sensitivity and temperature characteristics to be controlled by varying the doping concentration. As seen in the enlarged view of Fig. 3 -b, the openings are arranged such that the rectangle circumscribing an opening partially overlaps with that of the neighboring hole. This arrangement allows the silicon section circumscribing X, Y1 and Y2 to be eventually etched away, providing a cavity of a truncated quadrangular pyramid formed by the planes (100) and {111}. (Fig. 4-a) . Because individual rectangles circumscribing an opening partially overlap with the neighboring ones, the etching progresses following the H-shape (Fig. 4-b) , eventually creating a cavity of a truncated quadrangular pyramid which circumscribes the H-shape. (Fig. 4-c) 
III. EXAMPLES OF APPLICATIONS OF DISPLACEMENT MEASUREMENT SENSORS: PC MOUSE
Micromachined thermal flow sensors have been used primarily in the following applications:
• To measure flow volumes with the sensor mounted inside the flow channel (closed passive system in The terminology of "closed" or "open" in the above instances refers to the condition of the flow channel, i.e., whether the measurement is in a specific or non-specific flow channel. "Passive" is defined as a condition in which a stationary sensor measures fluid displacement. This flow mouse is one of a few of applications with closed active system in forced convection.
The recent advancement in MEMS technology has enabled micro flow sensors of high sensitivity to be developed and used in an active measurement system where the sensor moves relative to the fluid. In this kind of application, the sensor actively takes advantage of any minute effects of natural convection that are otherwise handled as heater inherent errors.
In a closed space with zero flow velocity, any heat generated causes a natural convection of fluid that is always in the opposite direction of gravity. When a sensor is obliquely positioned in such a space, it detects a distorted temperature distribution as if caused by some flow velocity and generates an output. This principle is used in thermal flow acceleration sensors.
The above represents a typical application of a closed active system. This sensor includes no moving components and therefore exhibits such advantages as high reliability and easiness of manufacture over conventional bulk micromachined acceleration sensors. On the other hand, it requires more heating power and post amplification due to the fact that the flow velocity depends only on natural convection and is hence very small compared to general flow measuring applications based on forced convection.
Taking these facts into consideration, we discuss in this paper a sensor that measures displacement as of a mouse, in a closed active system and with forced convection.
It must be noted that an application in an open active system is extremely difficult. Take the case of measuring robot arm movements, for example, with a flow sensor exposed to open air. Obviously, it can only work in an environment where there is no air flow or convection.
A. Structure and Principle of a Flow Mouse
A flow mouse structure is shown in figure 5 . A micromachined thermal flow sensor is mounted in place of a rubber ball or light emitting and receiving elements normally located on the bottom side of a mouse. As the sensor we developed measures single axial flow velocity, two sensors are used in the mouse application to cover both x-and y-axis. The sensor may look like an open type, as it is exposed to air at the bottom. However, it is in fact a closed type, as the bottom opening is closed by the desktop surface when in use. Unlike the thermal flow acceleration sensor, which is enclosed in fixed cover walls, this sensor works based on forced convection and requires only light post amplification.
As the mouse is moved in +X direction, air displaced over the desktop surface tends to stay where it is and 
generates a flow velocity in -X direction relative to the mouse movement. This flow continues along the enclosure walls and reaches the sensor where it is detected as a flow in +X direction. When the mouse is moved in -X direction, the air flow is detected to be also in -X direction. The same is true when the mouse is moved along the Y-axis.
A ball-type mouse needs sufficient weight to provide the appropriate amount of friction between the ball and the desktop surface and must inevita bly be as large as one's palm. An optical mouse with light emitting and receiving elements can be made small enough to carry but requires a patterned indented surface and sufficient light reflection from the surface, as it operates by detecting the surface pattern. Compared to the above mouse devices, a flow mouse can be as small as an optical mouse and yet does not require any patterned indented surface.
B. Tests and Results
Two micromachined flow sensors both for x and y axis are mounted on the bottom side of a mouse in two 10-mmdiameter and 3-mm-depth spaces, as shown in Fig. 6 .
It is very interesting to indicate good linear output vs. moving speed shown in Fig. 7 . A boundary anemometer shows an output curve of the 1/n power of average flow velocity in general.
Described below is a test performed by reciprocating the flow mouse in a 45º diagonal direction. The mouse is mounted on an aluminum rail with its axis turned 45º from the moving axis. The mouse is moved back and forth over a 200-mm distance at a uniform speed. The test was conducted at four different speeds: 10, 50, 100, and 150 mm/sec. During each test, the number of pulse counts is measured to determine the amount of displacement. Measured displacements are shown in Figure 8 . The test results indicate that displacement can be measured within an error ratio of ±2%. This error ratio is considered attributable to superposed errors in velocity integration.
We believe this error ratio is well within acceptable range in mouse applications where users can make feedback corrections as necessary according to specific positions of the cursor on the screen. In applications where higher measurement accuracy is required, additional measures, such as flow channel optimization, may have to be incorporated.
IV. CONCLUSION
We developed a micro thermal flow sensor of very high sensitivity based on MEMS technology. We tested and verified that the sensor can be used in such applications as PC mouse devices where displacements are measured. We are also looking at developing one-chip biaxial sensors for use with acceleration sensors and hope to extend applications in many ways. 
